Plenoptic imaging (PI) is an optical technique to perform three-dimensional imaging in a single shot. It is enabled by the simultaneous measurement of both the location and the propagation direction of light in a given scene. Despite being very useful for extending the depth of field, such technique entails a strong tradeoff between spatial and angular resolution. This makes the resolution and the maximum achievable depth of focus inversely proportional; hence, resolution cannot be diffraction-limited. We have recently proposed a new procedure, called Correlation Plenoptic Imaging (CPI), to overcome such fundamental limits by collecting plenoptic information through intensity correlation measurement. Using two correlated beams, from either a chaotic or an entangled photon source, we perform imaging in one arm and simultaneously obtain the angular information in the other arm. In this paper, we discuss the case in which the two correlated beams of light are generated by spontaneous parametric down-conversion. We review the principles of CPI with entangled photons and discuss its resolution and depth-of-field limits.
INTRODUCTION
Plenoptic imaging (PI) is a optical method for recording visual information.
1, 2 Its peculiarity is the ability to record both position and propagation direction of light in a single exposure. The key component of standard plenoptic cameras is a microlens array inserted in the native image plane, that reproduces repeated images of the main camera lens on the sensor behind it. 2, 3 This feature enables the reconstruction of light paths, employed, in postprocessing, for refocusing different planes, changing the point of view, and extending the depth of field (DOF) of the acquired image. However, the potentials of plenoptic imaging are strongly limited by the insertion of the microlens array in the native image plane. Actually the apertures of the main lens and microlens apertures must be matched, so that the images of the main lens are as large as possible without overlapping. 4 From this condition it follows that resolution δ u of the main lens and of each microlens is the same. If we call δ x the size of each microlens, the number of pixel corresponding to each microlens, which determines directional resolution, is N u = δ u /δ x . A larger N u can be achieved by increasing δ x , but it is straightforward to understand that this quantity fixes the resolution on the image plane: a larger δ x means poorer spatial resolution. Despite this limitation, PI is currently employed in the most diverse applications, including stereoscopy, 1, 5 microscopy, 6, 7 particle image velocimetry, 8 particle tracking and sizing, 9 wavefront sensing 10 and photography, where it currently provides digital cameras with refocusing capabilities. measurement on two different sensors: the first one collects spatial information and the second one angular. The correlation measurement couples such structured information in order to obtain the same kind of data acquired by a conventional plenoptic camera, without its intrinsic limitation. From a fundamental standpoint, plenoptic imaging is the first application in which the counterintuitive properties of correlated light light are effectively used to overcome intrinsic limits of standard imaging systems. We have been theoretically shown that CPI can be effectively achieved by exploiting the correlation properties of both chaotic light 13, 14 and position-momentum entanglement characterizing spontaneous parametric down-conversion (SPDC) photon pairs.
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Very recently we have performed the first experimental proof of CPI with chaotic light, 16 and we are currently performing an experimental generalization to entangled photons. Entangled photons from SPDC provide the possibility to correlate photons of different wavelengths in the two arms of the setup: light illuminating the object is thus not required to have the same wavelength as light remotely detected by S a to retrieve the desired image. 17, 18 This feature is interesting in view of applications requiring specific illumination wavelenghts for the object as well as to optimize the detection efficiency. Entanglement has the further advantage of enabling high SNR images at low photon fluxes, [19] [20] [21] which is particularly interesting when radiation damage of the sample is an issue (e.g., in biomedical microscopy).
WORKING PRINCIPLE
The setup is shown in Figure 1 , signal and idler beams emitted from the SPDC source impinge on a beamsplitter. The reflected beam propagates toward a lens L a of focal length f and is refracted toward the high resolution sensor array S a . The transmitted beam propagates through a transmissive object, of which we want to retrieve an image, and is collected by a lens L b of focal length F before being detected by the high-resolution sensor array S b . The two sensors are either connected to a coincidence circuit (CC), in the photon-counting regime, or correlated via software, in the case of high brightness. On the one hand, the distances z b , z b , z b are chosen in such a way that an image of the exit face of the SPDC crystal is reproduced on the sensor S b , as entailed by the thin-lens equation reported in the figure. On the other hand, distances z a and z a are such that, when the two-photon thin-lens equation:
is satisfied, 22, 23 a focused ghost image (GI) of the object is retrieved on sensor S a , triggered by sensor S b .
The coincidence detection of entangled photons from SPDC (or, equivalently, the most relevant part of intensity correlation in the high-brightness regime) is described by the second order Glauber correlation function:
where
is the positive-energy part of the electric field at sensor S j (with j = a, b), placed in r j = (ρ j , z j ), t j is the time of detection, ω is the frequency and k = (κ, ω/c) the wave vector of the detected radiation, g j is the propagator of the field mode k from the source to the sensor. The negative-energy part E (−) j (r j , t j ) of the electric field is the Hermitian conjugate of the field E (+) of Eq. (3). The expectation value in Eq. (2) is taken over the two-photon signal-idler state produced by SPDC: [25] [26] [27] 
where N is a normalization constant, ν is the detuning with respect to the central frequency of signal and idler Ω s = Ω i = ω p /2 , which is linked by phase matching to the central frequency of the pump laser ω p , L is the length of the SPDC crystal, D is the difference between the inverse group velocities of signal and idler, s(LDν) is the spectrum of the SPDC biphoton, 28 and h tr is the Fourier transform of the pump transverse profile:
We have assumed for simplicity that SPDC radiation is degenerate, but the result can be easily generalized to the non-degenerate situation. 17, 18 Without loss of generality, we shall further assume the source to be monochromatic, in such a way that the time dependence of the correlation function will not be relevant. By employing the canonical commutation relations [a k , a k ] = 0 and [a k , a † k ] = δ(k − k ), with δ the Dirac delta distribution, and the inversion symmetry of the Fourier transform of the transverse pump profile h tr (κ) = h tr (−κ), the spatial part of the two-photon correlation function reads
up to irrelevant constants. This result indicates the strong coupling between the two remote sensors, related to the momentum-momentum entanglement characterizing SPDC biphotons. By inserting in Eq. 6 the propagator associated with each arm of the setup in Fig. 1 , and the pump profile on the SPDC crystal, as defined in Eq. (5), one finds that the second order correlation function associated with signal-idler pairs from SPDC is given by:
where A is the aperture function of the object under investigation and
the whole phase of the coherent point spread function. We have also defined the quantity
in Eq. (8) for simplicity. If we define z bF the distance between the object and the source such that the Eq. (1) is satisfied, by integrating the result of Equation (7) over the whole sensor array S b with z b = z bF , one gets the standard (incoherent) ghost image of the object:
where m = z a /(z a + z bF ) the absolute magnification value of the image. The above result is valid under the hypothesis that the finite size of the lens L a can be neglected with respect to the diffraction at the object. In fact, such incoherent ghost image is formally equivalent to the incoherent image one would obtain in a standard imaging system characterized by a point-spread function h tr given by the Fourier transform of the imaging lens aperture function.
However, the second order correlation function of Eq. (7) can do much more than standard ghost imaging, thanks to its plenoptic properties. In order to demonstrate, the refocusing capability of CPI we consider the stationary points of the phase defined in Eq. (8) under the hypothesis that the object can be placed at a generic distance z b . The stationarity of ϕ with respect to ρ s determines the object point that gives the predominant contribution to the integral of Eq. (7), while the stationarity of ϕ with respect to ρ o yields the focusing of the source on the sensor S b , which is:
These results enable to determine the geometrical correspondence between points on the object and the source planes with points on the sensors S a and S b , respectively. In the geometrical optics limit, the second order correlation function of Eq. (7) reduces to the product of the tilted and rescaled geometrical image of the object and the source profile: 
CONCLUSIONS AND OUTLOOKS
We have demonstrated that, unlike classical plenoptic devices, CPI can push plenoptic imaging to its fundamental limits of both resolution and maximum achievable depth of field: CPI is not constrained by the presence of a microlens array, and its resolution can be kept diffraction-limited as in standard imaging systems. Still, CPI enables increasing the DOF well beyond the standard imaging. The advantages of both standard and plenoptic imaging are thus combined at best in CPI, whose maximum achievable DOF is solely limited by interference and diffraction at the object.
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Future studies will be devoted to combining plenoptic imaging with the quantum imaging techniques in order to improve the enhanced signal-to-noise ratio of CPI at low light levels.
